INTRODUCTION {#SEC1}
============

PMR1 is an endoribonuclease that was originally identified by its role in catalyzing the destabilization of serum protein mRNAs in *Xenopus* ([@B1]). The subsequent purification ([@B2]) and cloning of PMR1 identified this RNA degradative enzyme as a product of the peroxidase gene family ([@B3]). PMR1 differs from the peroxidases in several important aspects, the most notable of which is the absence of covalently-bound heme. In PMR1 the histidine residues that would otherwise coordinate protoporphyrin-bound iron instead function as general acid and general base for RNA strand scission. Changing either or both histidines to alanine generates a catalytically inactive form of PMR1 ([@B4]).

Human PMR1 (hPMR1) is a 57 kDa protein that is expressed from an alternatively spliced form of peroxidasin homolog (Drosophila)-like protein (PXDNL) mRNA ([@B5]). PXDNL, also known as cardiac peroxidase, is a 164 kDa membrane-bound protein that is found predominately in heart and aorta. The 57 kDa hPMR1 protein is cytoplasmic, and it is the only form of PXDNL detectable in a number of cancer cell lines, including U2OS, K562, MCF-7 and MDA-MB-231. We previously showed that the motility of U2OS cells was increased following expression of *Xenopus* PMR1 from a tetracycline-inducible promoter ([@B6]), and similar results were seen for hPMR1 in MCF-7 breast cancer cells ([@B5]). MCF-7 cells are not particularly motile or invasive, but become both motile and invasive following suppression of miR-200 family microRNAs ([@B7]). The miR-200 family regulates a network of genes that control invasive growth of breast cancer cells ([@B8],[@B9]), and we wondered if this had any relationship to hPMR1 simulation of motility. Up until now there have been no reports describing post-transcriptional regulation of miR-200. We show that the increased motility of hPMR1-expressing MCF-7 cells is associated with development of an invasive phenotype, that this is a function of hPMR1 catalytic activity, and that hPMR1 selectively reduces the levels of 14 microRNAs, notably those of the miR-200 family. hPMR1 acts upstream of Dicer processing by cleaving within a consensus sequence in the apical loop of the corresponding pre-miRs, and we show the impact of hPMR1 on cell motility is reversed by introduction of mature miR-200c. These findings provide the first evidence for hPMR1 regulating microRNAs and for post-transcriptional regulation of the miR-200 family of microRNAs.

MATERIALS AND METHODS {#SEC2}
=====================

Cell culture {#SEC2-1}
------------

The creation of tetracycline-inducible lines of MCF-7 cells and cells knocked down for hPMR1 were described in ([@B5]). These were maintained in RPMI-1640 supplemented with 10% fetal bovine serum (FBS), 2 mM [l]{.smallcaps}-glutamine, 1.0 mM sodium pyruvate, and 10 mM Hepes and 4.5 g/l glucose until 3 days before the start of each experiment. At that time they were shifted into estrogen-free medium to minimize the possible impact of this hormone. This consisted of phenol red-free RPMI-1640 containing the same supplements plus 1% ITS-G (insulin, transferrin, selenium, Invitrogen), and charcoal-stripped FBS. hPMR1 induction was achieved by adding 100 or 400 ng/ml doxycycline to the medium at the indicated times. siRNA knockdowns were performed as described previously ([@B5]).

Preparation of cytoplasmic extracts for protein and RNA analysis {#SEC2-2}
----------------------------------------------------------------

Cytoplasmic extracts were prepared as described previously ([@B5]). Briefly, cells were harvested with trypsin, washed with ice-cold PBS and transferred into sterile 12 × 75mm polystyrene tube. Cells were collected by centrifugation for 1 min at 50 × *g* and resuspended in 100 μl CER I from the NE-PER kit (Pierce). Cytoplasmic extracts were prepared followed the manufacturer\'s protocol except that gentle mixing was used in place of vortexing. RNA used for Nanostring microRNA profiling and Taqman assays was recovered from these extracts using the Norgen microRNA purification kit (small fraction) and RNA for RT-qPCR of mRNA targets was recovered using the large fraction of the Norgen microRNA purification kit or the Norgen total RNA purification kit.

Analysis of hPMR1-mediated changes in microRNAs, pre-miRs and target mRNAs {#SEC2-3}
--------------------------------------------------------------------------

TaqMan probes for RNU48, miR-200a, miR-200c, miR-26a and miR-26b were purchased from Applied Biosystems. cDNA was synthesized using the TaqMan microRNA RT kit (Applied Biosystems), and 1 μl aliquots of each product were added to 10 μl reactions containing TaqMan Universal Master mix with uracil N-glycosidase (UNG). PCR reactions were incubated at 50°C for 2 min, then for 45 cycles at 95°C for 15 s, 60°C for 1 min). RT-qPCR for pre-miR-26a, 200a and 200c was performed using the miScript precursor assay (Qiagen) consisting of primers specific to each RNA. cDNA was prepared from cytoplasmic RNA using the miScript II RT Kit (Qiagen) and two-step RT-qPCR was carried out with QuantiTect SYBR Green PCR Kit (Qiagen). PCR reactions were incubated for 45 cycles at 94°C for 15 s, 60°C for 30 s and 72°C for 30 s. Results were normalized as above to Taqman assay for RNU48.

ZEB1, ZEB2, FHOD1 and PPM1F and hPMR1 were assayed by RT-qPCR and results were normalized to RPLP0 using primer sets in Supplementary Table S1. cDNA was synthesized with SuperScript III reverse transcriptase (Invitrogen) following the manufacturer\'s protocol. One microliter of each product was used as template in 10 μl qPCR reactions performed with SensiFAST SYBR^®^ No-Rox mix (Bioline). All reactions were performed with biological triplicates. qPCR was performed using Eco Real-Time PCR System (Illumina). Reactions were incubated at 95°C for 3 min, then for 40 cycles at two step-cycling (95°C for 10 s, 60°C for 20 s), and melting curves were used to confirm the specificity of each amplification product. To monitor functional changes in miR-200 the 222 bp FHOD1 3′-UTR, which has a single miR-200b/c binding site, was cloned into the Xba1 site of pGL3-control firefly luciferase vector. This was cotransfected with plasmid expressing Renilla luciferase (pRL-TK), doxycycline was added to half of the cultures and activity was measured 24 h later using the Dual Luciferase assay (Promega).

NanoString microRNA profiling {#SEC2-4}
-----------------------------

Nanostring profiling was performed with the nCounter human v2 microRNA expression assay using total RNA from duplicate cultures of MCF-7 cells in which hPMR1 transgene was uninduced or induced for 24 h. Raw read data from the nCounter microRNA assay were analyzed using the methods described in the nCounter Expression Data Analysis Guide (NanoString Technologies). First, the geometric mean for positive control counts across all lanes was divided by the geometric mean for positive control counts in each lane to obtain a lane specific technical scaling factor (TSF). Counts for each microRNA in a lane were multiplied by the TSF to obtain technically normalized counts that are corrected for variation in counting efficiency in each lane. Next, the counts of all endogenous microRNAs across all lanes were averaged and divided by the counts of all endogenous microRNAs for each specific lane to obtain a global normalization factor (GNF). Technically normalized counts for each microRNA were multiplied by the GNF to obtain globally normalized counts that are corrected for variations in purity or amount of input sample. After normalization, the average counts for negative control probes in each lane were averaged and subtracted from counts of each microRNA to correct for background. Those microRNAs with average counts across all four samples less than 3-fold above background were excluded from further analysis in order to minimize changes due to noise. For each microRNA, average counts for duplicate samples from doxycycline-treated cells were divided by average counts for duplicate untreated samples to identify which microRNAs are up- or down-regulated upon hPMR1 expression.

Antisera and Western blotting {#SEC2-5}
-----------------------------

Western blotting was performed as described in ([@B10]). A rabbit polyclonal antiserum to hPMR1 was prepared by New England Peptide using peptide Ac-CRESQALRDPSVP-amide (hPMR1 104--115). Prior to use this was affinity purified against immobilized peptide and qualified by western blotting against endogenous and recombinant protein. Mouse monoclonal anti-FLAG antibody was obtained from Sigma. Secondary antibodies consisted of AlexaFluor^®^680-coupled goat anti-mouse IgG and AlexaFluor^®^790-coupled goat anti-rabbit IgG (Jackson Immunoresearch).

Ensemble motility assay {#SEC2-6}
-----------------------

Ensemble motility experiments were performed as described in ([@B5]). Briefly, 3 × 10^5^ cells were inoculated into each well of a six-well dish and cultured as described above. Cells received mitomycin C (0.4 μg/ml) to block replication and the semi-confluent monolayer was scored with a sterile 1000 μl blue pipette tip. The plates were washed three times with phosphate-buffered saline (PBS) followed by medium ± doxycycline. Motility was determined by photographing three fields in each of triplicate cultures over time using a Nikon Eclipse Ti inverted microscope equipped with an XY encoded stage. The distances across each gap were determined using T-scratch motility image analysis software ([@B11]), and the percent of the gap closed over time was calculated using the formula: 100 × (1 -- *w*~t-x~/*w*~t-0~). The results were plotted as mean ± standard deviation. The same approach was used to determine the impact of miR-200c complementation on cell motility except that cells were transfected 24 h prior to scoring with 50 nM miR-200c mimic or control miR (miR-C2, miRIDIAN microRNA Mimic Negative Control \#2, Thermo) using Lipofectamine RNAimax transfection reagent. Efficient transfection was confirmed by monitoring nuclear fluorescence of a parallel set of cultures that were transfected with the same miRs plus 5 nmol siGLO green transfection indicator (Thermo).

Single cell motility assay {#SEC2-7}
--------------------------

Biomimetic micropatterned polydimethylsiloxane (PDMS) surfaces designed to resemble structural extracellular matrix were fabricated through a replica-molding process from a photolithographically-patterned Si master (Supplementary Figure S1) ([@B12]). Briefly, an array of 2 × 1.5 μm (width × height) lines (spaced by 2 μm) was patterned in S1813 photoresist on a Si wafer using standard contact photolithography. Then, a 10:1 mixture of PDMS:curing agent (Sylgard 184, Dow Corning) was poured over the patterned Si surface, degassed, and allowed to cure at room temperature for 48--72 h. The patterned PDMS substrate was subsequently peeled off of the Si surface and cut into 12 mm diameter circles for the single cell motility assays. These substrates were sterilized in 70% ethanol, and to insure optimal attachment were pre-incubated for 2 days in medium containing 25% FBS. Cells were allowed to attach for 2 days, after which the medium was changed with half of the treatment groups receiving 400 ng/ml doxycycline in the medium. Statistical analysis was performed using the Kruskal-Wallis and Fisher LSD Methods.

Matrix invasion assay {#SEC2-8}
---------------------

Invasive growth was determined using 24-well ThinCert™ cell culture inserts with translucent PET membranes and 8 μm pores (Gibco) that were coated with Biomatrix^®^ extracellular matrix from Engelbreth--Holm--Swarm mouse tumors (Sigma). Six hundred microliters of estrogen-free medium was added to the bottom chamber of a 24-well plate, and half of the wells also had 400 ng/ml doxycycline to induce hPMR1 expression. Two hundred microliters of a suspension of 10^6^ cells/ml was added to each of the upper chamber of matrix-coated inserts, which were then placed into the 24-well plate. To control for matrix-dependent differences in invasion the experiment was performed in parallel with inserts that had not been coated with extracellular matrix. After 30 h, the medium in the bottom compartment was replaced with 450 μl of medium containing 8 μM Calcein AM (Life Technologies) and the plates were returned to the incubator for an additional 45 min. Medium in the upper chamber was removed, the inserts were transferred into 24-well plates containing 500 μl trypsin--EDTA per well, and the plates were again returned to the cell culture incubator for 10 min with occasional agitation. 200 μl of the trypsin--EDTA solution was then transferred to individual wells of a flat-bottom black 96-well plate and fluorescence was determined using a fluorescence plate reader (Tecan) with excitation at 485 nm and emission at 520 nm. Invasion index was calculated according to the formula: (RFU1-RFU0)/(RFU2-RFU0), where RFU1 represents the relative fluorescence units obtained from cells that migrated through an ECM coated membrane towards lower chamber with doxycycline, RFU2 denotes the relative fluorescence units obtained from cells that migrated through an uncoated membrane towards lower chamber in the presence of doxycycline, and RFU0 signifies the relative fluorescence units obtained from cells that passed through an uncoated membrane in the absence of doxycycline.

RESULTS {#SEC3}
=======

hPMR1 stimulation of cell motility is a function of its catalytic activity {#SEC3-1}
--------------------------------------------------------------------------

Previous work described the creation of lines of MCF-7 cells stably expressing tetracycline-inducible forms of hPMR1 with an N-terminal FLAG tag ([@B5]). MCF-7 cells natively express hPMR1, and to minimize the potential for artifacts resulting from overexpressing an active endonuclease the concentration of doxycycline used to induce the hPMR1 transgene was adjusted to yield a level of FLAG-hPMR1 that was 1.5--2-fold that of the endogenous protein. An ensemble assay was used to confirm that this level of induction was sufficient to increase motility (Figure [1A](#F1){ref-type="fig"}). In this experiment a semiconfluent monolayer was scored, doxycycline was added on one-half of the cultures, and motility was determined by photographing the same fields at intervals over the next 24 h. As in our previous work cell motility increased ∼2-fold following induction of the hPMR1 transgene.

![Increased motility of MCF-7 cells following induced expression of catalytically active hPMR1. (**A**) Semi-confluent monolayers of cells were treated with mitomycin C to block DNA replication and scored prior to addition of doxycycline to one-half of the cultures. After washing to remove non-adherent cells multiple fields of three individual wells were photographed using an inverted microscope equipped with an XY encoded stage. Results are plotted as the percent of the gap closed over time and represent the mean ± standard deviation (*n* = 9). **B**) Cells carrying catalytically active hPMR1 transgene were plated onto biomimetic micropatterned polydimethylsiloxane (PDMS) surfaces designed to resemble structural extracellular matrix. Two days later the medium was changed, half of the matrices were treated with doxycycline and the movement of 20 individual cells was tracked under phase contrast with a 10× objective lens for approximately 16 h using an inverted microscope fitted with a 37°C cell culture chamber. Images were collected every 10 min and analyzed using the manual tracker plugin in Fiji. (**C**) The ensemble motility experiment in (**A**) was repeated using a parallel line of MCF-7 cells that was stably transfected with a catalytically-inactive hPMR1 transgene. (**D**) Single cell analysis of cells carrying a catalytically-inactive hPMR1 transgene was performed as in (**B**).](gkw497fig1){#F1}

We next turned to single cell analysis to obtain a more quantitative picture of the impact of hPMR1 on cell motility. Cells carrying the hPMR1 transgene were cultured on matrices consisting of an array of lithographically-generated 2 μm wide tracks ([@B12]). These tracks mimic the remodeled extracellular matrix structure associated with invasive cancers ([@B12]--[@B16]). Half of the cultures received doxycycline to induce hPMR1 and 20 cells on each matrix were then continuously monitored by phase contrast microscopy for 16 h (Figure [1B](#F1){ref-type="fig"}, Supplementary Movie S1.mp4). Our results indicate that compared to control cells, hPMR1 induction led to an overall increase in directional single-clone motility, with velocities of ≥40 μm/h versus ≥30 μm/h for the uninduced cells.

To determine if the increase in motility upon induction of hPMR1 is due to its activity as an endoribonuclease or some other feature of the protein we examined a parallel line of MCF-7 cells that carries a tetracycline-inducible hPMR1 transgene in which the two active site histidines were changed to alanines to generate a protein that lacks endonuclease activity ([@B17]). Although the basal motility of this particular cell line is higher than of the cell line carrying active hPMR1 expression of catalytically-inactive hPMR1 had no impact on collective motility (Figure [1C](#F1){ref-type="fig"}), or on directional velocity as determined by movement of single cells on the microtextured PDMS substrates (Figure [1D](#F1){ref-type="fig"}). We conclude that the hPMR1-mediated increase in cell motility is a consequence of its activity as an endoribonuclease.

MCF-7 cells become invasive upon induced expression of hPMR1 {#SEC3-2}
------------------------------------------------------------

Because MCF-7 cells have limited ability to invade extracellular matrix *in vitro* or into the tissue surrounding mouse xenografts ([@B18]) we asked whether the observed increase in motility might also indicate the acquisition of an invasive phenotype. In the experiment in Figure [2](#F2){ref-type="fig"} cells with active and inactive hPMR1 transgenes were placed in the upper portion of an invasion chamber. In half of the cultures doxycycline was added to the lower chamber and invasion was determined by Calcein AM staining of cells that moved through extracellular matrix and accumulated on the underside of the membrane. The invasion index for cells expressing catalytically active hPMR1 was three times greater than that of uninduced cells or cells expressing catalytically-inactive hPMR1. Together with the results in Figure [1](#F1){ref-type="fig"} these findings indicate that MCF-7 cells acquire a more motile and invasive phenotype in response to an increase in hPMR1.

![Elevated expression of hPMR1 converts MCF-7 cells from non-invasive to invasive growth in extracellular matrix. MCF-7 cells carrying active and inactive hPMR1 transgenes were grown on cell culture inserts containing membranes coated with extracellular matrix. These were placed into 6-well dishes containing medium ± doxycycline and cultured for 30 hr, after which cells that migrated through the membrane were stained with Calcein-AM. An invasion index was determined by comparing the fluorescence intensity after trypsin/EDTA treatment of cells that migrated through coated membranes versus uncoated membranes. Shown is the mean ± standard deviation (*n* = 6). The double asterisk (∗∗) indicates *P* \< 0.001 by Student\'s *t*-test. There was no statistically significant difference between treatment groups for cells expressing inactive hPMR1.](gkw497fig2){#F2}

hPMR1 suppresses microRNAs that regulate a network controlling motility and invasiveness {#SEC3-3}
----------------------------------------------------------------------------------------

The preceding results are consistent with changes in breast cancer cells seen with loss of the miR-200 family of microRNAs ([@B8],[@B9],[@B19]). Nanostring profiling of cytoplasmic RNA from hPMR1-expressing cells identified 14 miRs that were downregulated at least 2-fold compared to uninduced controls (Table [1](#tbl1){ref-type="table"}), including all five members of the miR-200 family. This was confirmed for miR-200a and miR-200c by Taqman assay (Figure [3A](#F3){ref-type="fig"}). In addition, hPMR1 had little impact on miR-26a and miR-26b, neither of which were shown by Nanostring to be downregulated by hPMR1. Targets of the miR-200 family constitute a network controlling cell motility and invasion ([@B8],[@B9]) that includes the ZEB1 and 2 transcriptional repressors ([@B19]--[@B21]) and the cytoskeleton regulators FHOD1 and PPM1F ([@B22]). Results in Figure [3B](#F3){ref-type="fig"} show that induction of active hPMR1 transgene results in increased steady-state levels of ZEB1, ZEB2, FHOD1 and PPM1F mRNA. The increase in steady-state levels of these mRNAs changes with the concentration of doxycycline used to induce hPMR1 (Supplementary Figure S2) and hence the level of hPMR1. Functional evidence for hPMR1 regulation of miR-200 was obtained using a firefly luciferase reporter assay. FHOD1 mRNA has a single 3′-UTR miR-200b/c binding site, and in Figure [3C](#F3){ref-type="fig"} cells carrying the active hPMR1 transgene were transfected with a plasmids expressing firefly luciferase fused to the FHOD1 3′-UTR and Renilla luciferase. Reporter gene expression was 7 times higher in hPMR1 expressing cells than in the uninduced control, thus confirming the functional impact of hPMR1 expression on miR-200.

![Complementary changes in miR-200 and miR-200 target mRNAs following hPMR1 induction or knockdown. (**A**) Cytoplasmic RNA from uninduced and hPMR1-expressing cells was analyzed by Taqman assay for miRs-200a and 200c and two unaffected miRs (miRs-26a and 26b). Results are the mean ± standard deviation (*n* = 6). (**B**) RNA from triplicate cultures of uninduced and hPMR1-expressing cells was analyzed by RT-qPCR for ZEB1, ZEB2, PPM1F and FHOD1 mRNA. Results represent the mean ± standard deviation (*n* = 3). The double asterisks (∗∗) indicate *P* \< 0.001 by Student\'s *t*-test. (**C**) Cells carrying the inducible hPMR1 transgene were transfected with plasmids expressing firefly luciferase fused to the FHOD1 3′-UTR and Renilla luciferase. The next day half of the cultures were induced with doxycycline and luciferase activity was determined 24 h later. Results represent the mean ± standard deviation (*n* = 7). (**D**) Cytoplasmic extracts from non-transduced MCF-7 cells and cells transduced with lentivirus expressing control or hPMR1 shRNA were analyzed by Western blotting with anti-hPMR1 antibody (upper panel) or antibody to GAPDH (lower panel). Changes in hPMR1 were normalized to GAPDH by LiCor. (**E**) Cytoplasmic RNA from cells expressing control or hPMR1 shRNAs was analyzed by Taqman assay as in (A) for miRs-200a, 200c, 26a and 26b. (**F**) Parental MCF-7 cells were transfected with control or hPMR1 siRNAs and analyzed as in (A) for changes in miR-26a and miR-200c. Results represent the mean ± standard deviation (*n* = 3). The relative extent of knockdown was determined by Western blotting for hPMR1 and GAPDH (lower panels) and normalized results were determined by LiCor.](gkw497fig3){#F3}

###### Nanostring identification of downregulated microRNAs

  ---------------------
  ![](gkw497tbl1.jpg)
  ---------------------

RNA interference was used to determine if miR-200 microRNAs are natively regulated by endogenous hPMR1. The parental line of MCF-7 cells was transduced with lentiviral vectors expressing a control shRNA or an shRNA targeting hPMR1. Western blotting with anti-hPMR1 antibody indicated this reduced the level of hPMR1 to 30% of control (Figure [3D](#F3){ref-type="fig"}). Taqman assays performed as in Figure [3A](#F3){ref-type="fig"} showed hPMR1 knockdown is accompanied by an 8-fold increase in miR-200a and a 15-fold increase in miR-200c (Figure [3E](#F3){ref-type="fig"}) but had little impact on miR-26a or miR-26b. In keeping with the observed changes in miR-200 family microRNAs the levels of ZEB1 and ZEB2 mRNA were lower in cells knocked down for hPMR1 (Supplementary Figure S3B). These findings were confirmed by transient knockdown with hPMR1 siRNAs ([@B5]) (Figure [3F](#F3){ref-type="fig"}), which resulted in a 5-fold increase in miR-200c. To determine the generality of the preceding findings to other members of the miR-200 family we examined the impact of hPMR1 induction and knockdown on miR-141 (Supplementary Figure S3A). Although there is substantially less of this microRNA in MCF-7 cells ([@B23]) it too declined (5-fold) following induction of active hPMR1 and increased 5-fold following hPMR1 knockdown. Taken together the preceding results indicate that miR-200 family microRNAs are natively regulated by hPMR1.

hPMR1 targets the precursors to miR-200 microRNAs {#SEC3-4}
-------------------------------------------------

Given their small size and protection within the RISC complex it seemed unlikely that mature microRNAs were the proximal targets of hPMR1. We previously showed that PMR1 preferentially cleaves between UG dinucleotides when these are present in a consensus YUGR motif in the apical loop of a stem--loop structure ([@B24]). This motif is present in the apical loop of the pre-miRs for 12 of the microRNAs in Table [1](#tbl1){ref-type="table"} and is shown for pre-miR-200c in Supplementary Figure S4A. There is precedent in ([@B25],[@B26]) for endonuclease-mediated downregulation of select microRNAs by cleavage within the apical loop of their corresponding pre-miRs. To determine if hPMR1 targets precursors to the miR-200 family we looked first at the impact of inducing active and inactive forms of the enzyme on levels of pre-miR-200a and 200c. Expression of active hPMR1 resulted in a 2-fold decrease in pre-miR-200a and an almost 6-fold decrease in pre-miR-200c (Figure [4A](#F4){ref-type="fig"}). Each of these pre-miRs was unaffected by induction of catalytically inactive hPMR1 (Figure [4B](#F4){ref-type="fig"}), thus indicating that hPMR1-mediated downregulation of pre-miRs-200a and 200c is a function of its endonuclease activity. These findings were complemented by results with cells knocked down for hPMR1, where loss of hPMR1 resulted in an 80% increase in both pre-miR-200a and pre-miR-200c (Figure [4C](#F4){ref-type="fig"}). Support for hPMR1 targeting the apical loop is shown in Supplementary Figure S4, where hPMR1 recovered from MCF-7 cells generated a product of the size expected for cleavage at that location when incubated *in vitro* with pre-miR-200c. Previous work showed that PMR1 does not cleave RNA when U or G in the YUGR element were changed to A or C, respectively ([@B24]). Pre-miR-200c with each of these changes (U34A, G35C) was refractory to *in vitro* cleavage, thus confirming that hPMR1 cleaves within the apical loop of pre-miR-200c.

![hPMR1 downregulates pre-miR-200a and 200c. (**A**) Cytoplasmic RNA from untreated and doxycycline-treated cells carrying the active hPMR1 transgene was analyzed by RT-qPCR for pre-miR-26a, pre-miR-200a and pre-miR-200c. (**B**) The experiment in **A** was repeated using cytoplasmic RNA from cells carrying the catalytically-inactive hPMR1 transgene. (**C**) RT-qPCR for pre-miR-26a, pre-miR-200a and pre-miR-200c was performed using cytoplasmic RNA from cells that were transduced with lentivirus expressing control (Ctrl) shRNA or shRNA targeting hPMR1. In each case the results represent the mean ± standard deviation (*n* = 3), and *P* values by Student\'s *t*-test for each determination having statistically significant differences are shown above the respective datasets.](gkw497fig4){#F4}

Downregulation of miR-200 is responsible for the PMR1-mediated increase in cell motility and target gene expression {#SEC3-5}
-------------------------------------------------------------------------------------------------------------------

The preceding results point to hPMR1 acting upstream of Dicer processing. If that is correct, the introduction of mature miR-200 into hPMR1-expressing cells should reverse the impact of hPMR1 on cell motility and target gene expression. In the experiment in Figure [5](#F5){ref-type="fig"} cells carrying the active hPMR1 transgene were transfected with miR-200c or a control miR (miR-C2) prior to adding doxycycline. Cells that received control miR (miR-C2) showed the expected hPMR1 stimulation of motility whereas no increase in motility was observed for cells that received miR-200c (Figure [5A](#F5){ref-type="fig"}).

![miR-200c reverses hPMR1 stimulation of motility and increases in miR-200 target gene expression. MCF-7 cells carrying the active hPMR1 transgene were transfected with miR-200c or a control miR (miR-C2) 24 hr prior to addition of doxycycline to half of the cultures. (**A**) The matrix was scored at the time of doxycycline treatment and motility was monitored as in Figure [1B](#F1){ref-type="fig"}. (**B**) Cytoplasmic RNA recovered from a parallel set of cultures was analyzed as in Figure [3B](#F3){ref-type="fig"} by RT-qPCR for ZEB1, ZEB2, PPM1F and FHOD1 mRNA. The results represent the mean ± standard deviation (*n* = 3). The double asterisks (∗∗) indicate *P* \< 0.001 by Student\'s *t*-test.](gkw497fig5){#F5}

These results were complemented by changes in ZEB1, ZEB2, FHOD1 and PPM1F mRNA (Figure [5B](#F5){ref-type="fig"}), where the hPMR1-mediated increase of each mRNA was reversed by the introduction of mature miR-200c into hPMR1-expressing cells. Levels of ZEB1, FHOD1 and PPM1F were reduced below that of uninduced controls, and although ZEB2 mRNA induction was reversed, it was unexpectedly higher in uninduced cells that received miR-200c compared to uninduced cells that received control microRNA. The reason for this observation is not known. Taken together, these data show hPMR1 acts upstream of Dicer to reduce levels of miR-200 family microRNAs by cleaving within the apical loop of their corresponding pre-miRs, and that loss of miR-200 microRNAs in these cells is responsible for hPMR1 stimulation of motility and invasiveness.

DISCUSSION {#SEC4}
==========

A number of post-transcriptional mechanisms for down-regulating miRs have been identified ([@B27],[@B28]), and while some of these directly affect the decay of mature miRs ([@B29],[@B30]), others target their precursors ([@B31]--[@B35]). To date there are two published reports describing endonuclease cleavage within the apical loop of pre-miRs as a mechanism for downregulating steady-state levels of the corresponding microRNAs. MCPIP1 (also called Zc3h12a or regnase-1, [@B36]) downregulates a number of microRNAs in lung cancer ([@B25]), and IRE1 downregulates a different group of microRNAs during ER stress ([@B26]). In each of these examples, cleavage within the apical loop reduced availability of pre-miR for Dicer processing into the mature microRNA. Results presented here identify hPMR1 as the third example of an endonuclease regulating microRNA levels by cleaving within the apical loop of the corresponding pre-miR, and the first such enzyme shown to do so in breast cancer cells. *In vivo* complementation experiments in which introduction of mature miR-200c reversed the hPMR1-mediated increase in motility and target gene expression provided additional evidence for hPMR1 acting upstream of Dicer.

Human PMR1 is the product of an alternatively spliced form of peroxidasin-like protein (PXDNL, 5). Data in the Oncomine™ database show PXDNL transcripts are elevated in a limited number of cancers, most notably invasive breast cancers, where the level is ∼75% higher than that of normal tissue. This was intriguing because breast cancer cells become more motile and invasive when miR-200 family microRNAs are suppressed ([@B7],[@B20]--[@B22],[@B37]), and they acquire these properties when hPMR1 was expressed from an inducible transgene. Thus, our identification of miR-200 family of microRNAs as targets of hPMR1 regulation is consistent with this well-established paradigm. The fact that these changes were only seen with catalytically active enzyme also meant that these RNAs or their precursors were the most likely proximal targets of hPMR1. Induced expression of active (but not inactive) hPMR1 also resulted in increased expression the well characterized miR-200 targets ZEB1, ZEB2, FHOD1 and PPM1F. Of equal importance were results from knockdown experiments that showed the miR-200 family microRNAs are natively regulated by hPMR1. Because MCF-7 cells are not particularly motile it was not surprising that loss of hPMR1 had no discernable impact on motility.

Increased motility is a characteristic feature of invasive cancers ([@B38]) and recent modeling studies highlighted the importance of even small increases in motility in the formation, growth and evolution of tumors ([@B39]). While it is premature to speculate whether the results presented here extend beyond cells in culture, these findings identify a new avenue for investigating the involvement of post-transcriptional processes in cancer.
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